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Abstract
The centromere is a site on the chromosome that mediates accurate cell division by serving as a
platform for kinetochore assembly, and microtubule attachment during cell division. Errors in the
process of chromosome segregation can contribute to genetic irregularities, such as those seen in
cancer and congenital defects. Our lab uses the ectopic centromere as a tool to discover what
proteins may be involved in centromere establishment, defined as the deposition of CENP-A at
the locus. We use the lacO/LacI system within Drosophila S2 cells that contain a CAL1-GFPLacI transgene and an integrated lacO array to study the ectopic centromere. The CAL1-GFPLacI gene is controlled under the metallothionein promoter (pMT), which can be induced by
using copper sulfate in the medium. This allows for expression of the gene and the tethering of
CAL1-GFP-LacI protein to the lacO locus, due to the high affinity between LacI and lacO. To
identify novel genes involved in ectopic centromere establishment, I performed RNAi-mediated
knockdown of 12 candidate genes in CAL1-GFP-LacI Drosophila S2 cells. The cells were then
analyzed using Immunofluorescence (IF) and Fluorescent In Situ Hybridization (FISH)
techniques to evaluate rates of centromere establishment in comparison to the knockdown of a
negative control gene, Brown. I observed that the knockdown of Iswi, Rho1, Hr96, z, and CAL1
produced a statistically significant difference in ectopic centromere formation, suggesting that
these genes, and the proteins they code for, play a role in centromere establishment.
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Introduction
The centromere is a crucial structure for the accurate segregation of the genome during
cell division. The centromere is a region of the chromosome that serves as a platform for
kinetochore assembly. Microtubules attach to the kinetochore and pull the chromosomes to
opposite sides of the cell. Geneticists want to know more about how the centromere forms, as
errors in this process can play a role in genetic abnormalities. Understanding the proteins
involved in centromere formation is essential to furthering our understanding of chromosomal
stability and the regulation of establishment, as seen by deposition of essential factors.
Although the function of the centromere to correctly distribute genetic information is
conserved between organisms, its size and DNA sequence composition can vary drastically
across species (Fukagawa & Earnshaw, 2014). In the majority of complex eukaryotes, the
specific DNA sequences of the centromere are not necessary or sufficient to form the centromere
(Karpen & Allshire, 1997). What is clearly supported by data from a variety of organisms is that
centromeres are epigenetically defined by centromere-specific nucleosomes. Chromosomes are
made up of nucleosomes, which consist of DNA molecules wrapped around histone proteins
(Kornberg, 1974.). Nucleosomes typically contain histone H3-H4 dimers (Tagami, Ray-Gallet,
Almouzni, & Nakatani, 2004) which go on to form (H3-H4)2 tetramers. Following the deposition
of these tetramers onto DNA, two H2A-H2B dimers are added (Nakagawa, Bulger, Muramatsu,
& Ito, 2001.). At the centromere, a subset of nucleosomes contain CENP-A (Centromere Protein
A), a histone H3 variant. CENP-A is known as CID (Centromere Identifier) in the genus
Drosophila. CID is both necessary and sufficient for centromere activity, as it is present at all
active centromeres, is essential for recruiting kinetochore components, and helps to form
structures that allow for microtubule attachment (Barnhart et al., 2011; Earnshaw & Migeon,
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1985; Heun et al., 2006; Liu, Rattner, Jablonski, & Yen, 2006; Logsdon et al., 2015; Marshall,
Chueh, Wong, & Choo, 2008; Mendiburo, Padeken, Fulop, Schepers, & Heun, 2011; Regnier
et al., 2005). Without the presence of CID, the centromere is not delineated, meaning the
kinetochore will not assemble and problems with cell division will arise.

Figure 1: Cell division is mediated by the centromere. A cartoon depicting a mitotic
chromosome, showing the position of the centromere, kinetochore, microtubules, and the
composition of nucleosomes at the centromere and along the chromosomal arms.
Our lab has developed a way to study the formation of an ectopic centromere using the
lacO/LacI system within Drosophila S2 cells that contain an integrated lacO array (Straight,
Belmont, Robinett, & Murray, 1996). The lacO array contains 256 copies of lacO, and there are
multiple repeats of the array inserted within one location along the arm of one of the
chromosome 3s. Drosophila S2 cells that contain the lacO array can be transfected with a
plasmid that contains CAL1-GFP-LacI, which is a gene that is controlled under the
metallothionein promoter (pMT). CAL1 is the chaperone for the centromere protein CID, and
GFP is green fluorescent protein that can be used to visualize the location of the gene. The
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promoter can be induced by adding copper sulfate to the cell media. After induction, the
transgene will be expressed and CAL1-GFP-LacI will be tethered to the lacO locus, due to the
high affinity between LacI and lacO. The presence of CAL1 enables CID to be recruited to this
lacO site, thus establishing an ectopic centromere.
The Mellone laboratory strives to understand how chromosomes segregate accurately
while taking into account centromere regulation and genome stability, using Drosophila as an
animal model. The basis for my project stems from a collaborative RNA interference (RNAi)
screen between our lab and the Wu Lab at Harvard Medical School. RNAi is a tool to silence
genes using double stranded RNA (dsRNA). A transcription factor dsRNA library containing
1,192 factors was used to conduct this study, in hopes of discovering candidate genes that play a
role in centromere formation. These genes were knocked down in 384 well plates, with each
plate having 6 RNAi controls for: two negative controls (Brown and water, or no dsRNA) and
four positive controls (CAL1, FACT, Rho1, and Thread). Brown is a negative control, as it is
involved in nucleotide binding, and does not interfere with centromeric function. CAL1 and
FACT both affect CID’s ability to be deposited, and thus result in a decrease in ectopic
centromere formation. Rho1 and Thread do not affect CID, but affect cell viability, which shows
us if an RNAi worked. Immunofluorescence (IF) and Fluorescent In Situ Hybridization (FISH)
techniques were performed on the cells, which were then imaged in an automated fashion. These
images were used to evaluate rates of ectopic centromere formation, as visualized by
colocalization of CID and lacO. An image quantification pipeline generated by graduate student
Pariksheet Nanda determined whether or not the rates of ectopic centromere formation were
significantly different from those found in the negative controls, Brown and water.
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This study aims to determine which of the genes deemed significant by the quantification
pipeline are indeed required for ectopic centromere formation, which will be determined by
analyzing the images by manual quantification. Genes that are significant according to the
manual quantification of this initial screen will be subjected to a secondary RNAi screen
conducted by me. Quantification of the images from my secondary screen will help determine
whether the absence of these specific proteins results in a statistically significant reduction in
ectopic centromere formation. The successful completion of this project will result in further
insight regarding the formation of the centromere. This is an important aspect of the centromere
to acquire more information about if we wish to advance our understanding of the accurate
division of the genome in flies. This could ultimately assist us in developing preventative
methods and treatments for genetic abnormalities in humans.
Aims
Aim 1: The first goal of this study was to evaluate images from the RNAi screen conducted in
collaboration with the Wu Lab at Harvard Medical School. All of the genes knocked down in
this study came from a transcription factor library, and an image quantification pipeline
calculated the rates of ectopic centromere formation. Based on the pipeline, p values dictating the
level of significance of the effect on ectopic centromere establishment in comparison to multiple
controls were calculated. However, the accuracy of the pipeline in conjunction with the quality
of images from the experiment needed further investigation. Therefore, the initial step was to
calculate the rates of ectopic centromere establishment by hand for low p value genes, and
determine if they were actually significant in comparison to the wells containing the negative
controls, Brown and water.
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Aim 2: The second goal of the study was to complete a secondary RNAi screen in which the
candidate genes were knocked down and re-tested in our ectopic centromere establishment assay.
IF-FISH would then be completed to visualize the rate of ectopic centromere in comparison to
the negative control Brown. Statistical significance would be evaluated using Fisher’s exact test.
Methods
Analyzing the Initial RNAi Screen
I was provided with the output data from the initial RNAi screen conducted in
collaboration with the Wu Lab. This spreadsheet included the name of the genes that were
knocked down, the plate numbers that the genes were on, the number of cells in which CID and
lacO were colocalized, the total number of cells, and the p value indicating the significance of
the knockdown. I started by organizing the images for the negative controls Brown and water on
each plate. Each well of the plate had 10 fields that were imaged in three wavelengths with three
z stacks per channel. I selected the three z stacks for one wavelength, and opened them in ImageJ
to merge them into one image. I then repeated this process for the other two wavelengths and
merged the channels in color with lacO FISH signal in red, CID antibody signal in green, and
DAPI (which stains DNA) in blue. The merged images were z projected to produce the final
images to analyze. After these images were created, I marked and counted the total number of
cells in which lacO and CID were present with a yellow dot. I then marked and counted the
number of cells in which lacO and CID were colocalized with a white dot. I used the zoom
features in ImageJ to focus in on individual cells during this counting process, and utilized the
channel tool to turn the different wavelengths on and off. This helped me to see if the
fluorescence was actual signal, or just background while also enabling me to be as accurate as
possible throughout the quantification process.
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Figure 2: Manual quantification of initial RNAi screen. A picture of a field of cells from the
initial screen where ImageJ was used to quantify ectopic centromere formation, as visualized by
CID and lacO colocalization.
The images were created and analyzed for the most significant gene hits, and
colocalization rates were calculated. The Fisher’s exact test was used to compare the
colocalization rates for each gene versus its respective plate’s negative controls. Based on this
test, it was seen that the genes Spt6, osa, CG1647, CG4935, Hr96, and z had significant effects
on the rates of ectopic centromere formation.
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Name

Well
I04

Plate
504

Colocalization
86

Brown
H21

504
504
502B98
502B98
502B98
502B98
502B98
502B98
502B98

179

31.28

221

31.22

208

21.63

327

18.04

123

19.51

98

16.33

16

CG4935
K09

21.01

24

CG1647
L11

257

59

osa
C13

32.20

45

Spt6
E03

177

69

water
K21

31.16

56

Brown
H21

276

54

Z
I04

Percentage

57

water
L22

Total n

62

Hr96
283
21.91
Table 1: Candidate genes from initial RNAi screen. A breakdown of the number of cells with
CID and lacO colocalization out of total number of cells in comparison to each plate’s negative
controls, Brown and water.
Additional target genes were identified based on our lab’s interests and background
research. Our lab was curious about the remodeling and spacing factor (RSF), a human gene
made up of the two subunits hSNF2H and p325 (RSF-1). Flybase was used to identify
Drosophila orthologs based on protein similarity. The orthologs for hSNF2H were Iswi and Mi2, which had 83% and 44% protein similarity respectively. The orthologs for p325 were CG8677
and CG14692, which had 36% and 35% protein similarity respectively. CHD1, a chromatin
remodeler, and Hira, a H3 specific histone chaperone, were also identified as interesting
candidates.
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Primer Design
Primers were designed for dsRNA for all of the candidate genes of interest. Each gene name
was typed into SnapDragon dsRNA on the Harvard Medical School website under the
DRSC/TRiP Functional Genomics Resources page (http://www.flyrnai.org/cgibin/RNAi_find_primers.pl). Based on the advice of a graduate student in the lab, the ideal region
to be used was between the length of 300 and 600 bp.
The known DRSCs for the dsRNAs were displayed on the right hand side, and each one
option was expanded to look at further information, including number of off targets, meaning
regions within the genome that the primer could anneal to that are not the target site, and number
of times used in published screens. An Amplicon ID with 0 off targets that was within the
desired size range was selected.
The Amplicon ID was copied and pasted into FlyPrimer Bank, located on the Harvard
Medical School website under the online tools heading (http://www.flyrnai.org/flyprimerbank).
A primer ID was picked that was identified as exon spanning, if possible. The Amplicon ID was
then copied and pasted into flybase to ensure that it spanned all possible spliced forms of the
gene transcript.
A table was made with gene names, specific primer names, and sequences. For all of the
dsRNA primers, the label was “initials_T7-gene name-F or R”. The T7 promoter sequence was
added to the 5’ end of both dsRNA primer sequences, and primers were ordered.
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Gene

Name
Sequence 5’-3’
MB_T7-Spt6-F
TAATACGACTCACTATAGGGTGGCCGACCTTCGAAAG
Spt6
MB_T7-Spt6-R
TAATACGACTCACTATAGGGCGGACCCAAGCCACAGA
MB_T7-osa-F
TAATACGACTCACTATAGGGCGGTGGTGCGATGGTAG
osa
MB_T7-osa-R
TAATACGACTCACTATAGGGCATTCGAAAGCGTGCTCT
MB_T7-CG1647-F
TAATACGACTCACTATAGGGGAAAAGCAAACGGGAGTGA
CG1647
MB_T7-CG1647-R
TAATACGACTCACTATAGGGACCTTGTGCAGGGAGTCC
MB_T7-CG4935-F
TAATACGACTCACTATAGGGACCAGTACGGCGCCTG
CG4935
MB_T7-CG4935-R
TAATACGACTCACTATAGGGCTGCAGTACTTTCCCATCG
MB_T7-Hr96-F
TAATACGACTCACTATAGGGAGAGGACGCCATCGATATA
Hr96
MB_T7-Hr96-R
TAATACGACTCACTATAGGGAGACTGAGTGCCGTAGGA
MB_T7-z-F
TAATACGACTCACTATAGGGAAGATGCAACTAACCGCCG
z
MB_T7-z-R
TAATACGACTCACTATAGGGCTCCTCTTTTTGCAGGATGC
MB_T7-CG8677-F
TAATACGACTCACTATAGGGAGCGTCGTAGCAGTGAGGAT
CG8677
MB_T7-CG8677-R
TAATACGACTCACTATAGGGCCACCTCACGCTTCTTTCTC
MB_T7-CG14692-F TAATACGACTCACTATAGGGAACCAAGAGAAGGAGTTGCT
CG14692 MB_T7-CG14692-R TAATACGACTCACTATAGGGTCCTCCTCGATGAATCGTT
MB_T7-Iswi-F
TAATACGACTCACTATAGGGTCAGAGCCGTCTGCCTTATT
Iswi
MB_T7-Iswi-R
TAATACGACTCACTATAGGGAATTAAACACATCGGGCAGC
MB_T7-Mi-2-F
TAATACGACTCACTATAGGGATTTGCGTGGTAAATCGGAG
Mi-2
MB_T7-Mi-2-R
TAATACGACTCACTATAGGGGTGGCTGGAGTGACGCTATT
MB_T7-CHD1-F
TAATACGACTCACTATAGGGTCCCAAATGGTGCGCATG
CHD1
MB_T7-CHD1-R
TAATACGACTCACTATAGGGCTCCTCTGCACCAAACTTC
MB_T7-Hira-F
TAATACGACTCACTATAGGGTCCCATGTTTATACCTCTCCA
Hira
MB_T7-Hira-R
TAATACGACTCACTATAGGGTCACACAGATTCAGATTGACC
Table 2: Primer sequences. A table depicting the 12 genes of interest and the dsRNA primer
sequences used to create PCR products.
dsRNA Synthesis
I first amplified the DNA for each gene using Polymerase Chain Reaction (PCR). I
combined 5 µL 10X Standard Buffer, 1 µL of 10 mM dNTPs, 1 µL of 10 µM forward primer, 1
µL of 10 µM reverse primer, 1 µL of 100 ng/µL template DNA from Oregon-R flies, 40.5 µL
nuclease free water, and 0.5 µL New England BioLabs Taq DNA polymerase together. The PCR
reaction was run on a Biorad thermocycler using a Tm1 of 45°C and a Tm2 of 60°C with an
extension of 5 minutes at 72°C. This was repeated for each gene, and then the PCR product was
run on a 1% agarose gel in TAE buffer to check that the product produced was the correct size.
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Figure 3: Check PCR product sizes on agarose gel.
Checked that each PCR product was the expected size
before proceeding to dsRNA synthesis steps.
A) Lane 1: 100 bp ladder, Lane 2: CAL1 ~500 bp,
Lane 3: Brown ~500 bp, Lane 4: osa 506 bp,
Lane 5: Spt6 494 bp, Lane 6: Hr96 508 bp
B) Lane 1: 100 bp ladder, Lane 2: CG1647 500 bp,
Lane 3: CG4935 514 bp, Lane 4: z 426 bp, Lane
5: CG8677 504 bp, Lane 6: CG14692 500 bp
C) Lane 1: 100 bp ladder, Lane 2: Iswi 318 bp, Lane
3: Mi-2 349 bp, Lane 4: CHD1 501 bp, Lane 5:
Hira 519 bp

200
100
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After it was confirmed that the PCR products were the correct size using the respective
primers, more replicates of each PCR product were produced. The products for each gene were
pooled using a NucleoSpin Gel and PCR CleanUp kit in order to attain a highly concentrated
DNA sample. The sample was considered concentrated enough to continue on to the dsRNA
production step once the nanodropped concentration was approximately 100 ng/µL or more, as
advised by a graduate student in my lab.
Gene

Number of PCR
Tubes

DNA
260/280
260/230
Concentration
(ng/µL)
CAL1
3
123.7
1.84
1.38
Brown
7
126.2
1.90
1.67
osa
3
141.9
1.87
1.01
Spt6
5
203.5
1.66
0.84
Hr96
7
198.3
1.77
1.20
CG1647
4
112.8
1.85
1.73
CG4935
5
125.1
1.88
1.85
z
2
108.7
1.86
0.58
CG8677
5
145.9
1.84
1.83
CG14692
5
114.4
1.83
1.44
Iswi
4
117.5
1.86
1.62
Mi-2
5
130.1
1.87
1.73
CHD1
5
127.0
1.86
1.67
Hira
8
99.0
1.94
1.90
Table 3: DNA concentrations after pooling PCRs. Each sample was nanodropped in order to
ensure that it had a high DNA concentration and was pure enough for use according to the ratio
of absorbance reading.
The dsRNA was synthesized by combining 8 µL of the PCR product for each gene with 2
µL 10X Buffer, 2 µL ATP, 2 µL CTP, 2 µL GTP, 2 µL UTP, and 2 µL enzyme mix for
transcription to occur. This mixture was allowed to incubate overnight at 37°C. The next day, a
phase lock tube was spun at the maximum speed for 5 minutes. Then the mixture from the
previous day was removed from the incubator, and 115 µL of nuclease-free water was added.
Then 15 µL of 7.5 M ammonium acetate was added, followed by mixing by pipetting up and
down. This mixture was transferred to the phase lock tube I spun earlier, and was spun at 13,000
13

rpm for 5 minutes at room temperature. The top layer was transferred to a 1.5 mL tube, and 150
µL of isopropanol was mixed in. This was incubated at -80°C for 2 hours. Afterwards, the
mixture was spun at 4°C at maximum speed for 15 minutes. The supernatant was removed and
the RNA pellet was left to dry in the cell culture hood for at least an hour, until it was completely
dry and transparent. The pellet was resuspended in 30 µL of nuclease-free water, then boiled at
65°C for 30 minutes in the heat block. The heat block was then turned off, covered with foil, and
allowed to cool to room temperature with the sample still inside. A 1:100 dilution of each sample
was nanodropped, and the dsRNA was run on a 1% agarose gel in TAE buffer to check for
correct banding patterns.
Gene

RNA Concentration
(µg/µL)

260/280

260/230

CAL1
9.12
1.86
2.09
osa
7.15
1.91
2.04
Spt6
7.38
1.98
2.12
z
8.13
1.95
2.14
CG1647
11.33
2.01
2.22
CG4935
8.68
2.20
2.34
CG8677
12.08
2.08
2.26
CG14692
12.05
2.17
2.32
Iswi
10.08
2.04
2.12
Mi-2
9.61
2.12
2.28
CHD1
10.83
2.10
2.28
Brown
8.91
1.98
2.15
Hira
2.93
2.29
2.25
Hr96
8.10
2.08
2.12
Table 4: dsRNA nanodrop. Each dsRNA sample was nanodropped in order to ensure that it had
a high RNA concentration and was pure enough for use according to the ratio of absorbance
reading.
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Figure 4: Check dsRNA on agarose gel. Checked that each dsRNA product was the expected
size before proceeding to secondary RNAi screen. A) Lane 1: 100 bp ladder, Lane 2: CAL1 ~500
bp, Lane 3: osa 506 bp, Lane 4: Spt6 494 bp, Lane 5: z 426 bp B) Lane 1: 100 bp ladder, Lane 2:
osa 506 bp, Lane 3: Spt6 494 bp, Lane 4: z 426 bp, Lane 5: CG1647 500 bp, Lane 6: CG4935
514 bp, Lane 7: CG8677 504 bp, Lane 8: CG14692 500 bp, Lane 9: Iswi 318 bp, Lane 10: Mi-2
349 bp, Lane 11: CHD1 501 bp, Lane 12: Brown ~500 bp, Lane 13: Hira 519 bp, Lane 14: Hr96
508 bp
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Cell Culture
The cells used for these experiments were lacO-containing S2 cell lines stably transfected
with pMTattB-CAL1-GFP-LacI (Transfection A cells by Jason Palladino, Cell Line Box 11, H9,
I2-I5). The cells were thawed in 4 mL of media, and allowed to grow for 4 days before selection
antibiotics were added. Then 1 mL of puromycin and 3 mL of hygromycin were added for each
mL of Schneider media. These cells were split approximately every 4-6 days, but always at least
once per week, to a concentration of 1x106 cells/mL. The cells were observed under the light
microscope every 2 days to evaluate confluency, and whether or not a split needed to be
completed sooner than planned. Each time the cells were split, more puromycin and hygromycin
were added at the appropriate ratios based on the amount of new Schneider media added. The
total volume of cells and Schneider media was maintained at 3 mL, and the flasks were
incubated at 25°C in the cell culture room.

RNAi
The cells used for these experiments were the same lacO-containing S2 cell lines stably
transfected with the pMTattB-CAL1-GFP-LacI (Transfection A cells by Jason Palladino, Cell
Line Box 11, H9, I2-I5). The cells were split at a concentration of 1x106 for maintenance. The
RNAi experiments were conducted using the soaking method, with a few genes being knocked
down each time to make the harvesting and IF-FISH steps manageable. Cells were plated in a
12-well plate at a concentration of 2x106/mL, and were allowed to settle for 30 minutes. The
Schneider Media was removed from the wells, and 7.5 µg of dsRNA mixed with 0.5 mL serum
free media was added to each well. The plate was gently rocked for five minutes, and then
moved to the 25°C incubator for two hours. After this time period, 0.5 mL of Schneider media
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was added to each well, and the plate was put back in the incubator inside of a glass Tupperware
container coated with moist Kimwipes . This was considered day 0. The cells were induced with
500 µM CuSO4 on Day 4 and were harvested on Day 5.

IF-FISH
A 1.5 mL tube was labeled with the name of each knocked down gene and set off to he
side. A 1000 µL micropipette was used to gently wash the inside of an individual well so that all
of the cells were resuspended within the media. The contents of the well were then transferred to
the appropriately labeled tube, and this process was repeated for each well. The cells were
counted for each gene using a hemocytometer, and 6x105 cells were aliquoted. All of the tubes
were spun at 600 g for 5 minutes. The supernatant was removed and the cells were resuspended
in 100 µL of PBS. Then 50 µL of each cell suspension was applied to a labeled plus charged
slide, and allowed to settle for 15 minutes. The PBS was poured off, and the cells were fixed in
500 µL of 3.7% formaldehyde, PBS-T on the benchtop for 10 minutes. The slides were rinsed in
PBS-T, and then washed 3x/5 minutes in PBS-T. Slides were blocked in 2% BSA, PBS-T for 30
minutes. The primary antibody, 35 µL of a 1/1000 dilution of rabbit anti CID 51 B14, was
applied and allowed to incubate in a humid chamber overnight at 4°C.
The next day, the slides were washed 3x/5 minutes in PBS-T. The secondary antibody, 35
µL of a 1/500 dilution of goat anti rabbit 488, was applied and incubated in a dark humid
chamber at room temperature for 45 minutes. The slides were then washed 3x/5 minutes in PBST. They were post-fixed in 500 µL of 4X SSC, 4% PFA for 10 minutes, washed 3x/3 minutes in
4 X SSC, and washed 2x/5 minutes in PBS-T. The slides were then rinsed in water and air dried
for 3 minutes.
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The probe was prepared with 40 pmol of each probe (1:10 Tye 665 lacO and 1:10 Tamra
dodeca, a centromeric satellite, in red), 1 µL of salmon sperm DNA, and 20% Dextran Sulfate,
50% formamide, 2X SSC-T for a total volume of 12 µL per slide. This mixture was heated at
92°C for 3 minutes, and then stored on ice.
The slides were washed in water for 5 minutes, then 2X SSC-T for 5 minutes, followed
by 2X SSC-T, 50% formamide for 5 minutes. Slides were denatured in a thermal cycler with a
200 µL drop of 2X SSC-T, 50% formamide covered with a long hybrislip at 92°C for 3 minutes
and 60°C for 20 minutes. They were then transferred to an ethanol row at -20°C: 70% EtOH/3
minutes, 90% EtOH/3 minutes, 100% EtOH/3 minutes. Then they were air dried.
In the dark, I applied 12 µL of the probe mix to each slide, covered it with a 22 mm×22
mm hybrislip, sealed it with paper cement, and let it air dry. The slides were denatured on a
thermal cycler at 92°C for 3 minutes, and then incubated in a humid chamber at 37°C for 24
hours.
The coverslips were removed, and the slides were washed in 2X SSC-T at 60°C for 10
minutes. They were then washed in 0.2 SSC at 60°C for 10 minutes, and then in room
temperature 2X SSC-T for 5 minutes. Slides were mounted in 30 µL of 1 µL DAPI/1 mL
Slowfade, and sealed with clear nail polish.

Imaging with Fluorescence Microscope
All slides were imaged using fluorescence microscopy. The optical section spacing was
set to 0.32 to create 31 optical sections, on average. Approximately 10-15 images were taken for
each slide so that 300-400 cells could be analyzed per gene knockdown. The images were
deconvolved and quick projected, then exported as TIFs.
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Image Analysis
For each image, the four wavelengths in TIF format were selected and dragged into
ImageJ. The channels were then merged so that wavelength 665 (lacO) was shown in red,
wavelength 528 in green (CID), and wavelength 457 was in blue (DAPI). For the purposes of
this project, wavelength 617 was checked to make sure that the satellite dodeca was present, but
was ultimately ignored in the image analysis process. This process was repeated for each image,
and then a spreadsheet was created for each RNAi experiment to input data from the knocked
down genes and the control Brown.

Figure 5: Secondary RNAi screen IF-FISH example. One representative interphase cell that
exemplifies ectopic centromere formation, as seen by the colocalization of CID and lacO.
Each cell that had both CID and lacO spots within it, and that appeared to have normal
DAPI staining as visualized by a rounded, healthy cell appearance, was marked with a yellow
dot while counting to represent that it was part of the total number of eligible cells. All cells that
had CID and lacO colocalization, indicating the formation of an ectopic centromere, were
marked with white dots. The total number of colocalized cells for all images of one gene was
divided by the total number of cells that had both CID and lacO present and multiplied by 100 in
order to get the colocalization percentage.
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Results
A total of 14 genes were tested during five RNAi experiments, with Brown always
serving as the negative control. A Fisher’s exact test was used to determine statistical
significance of the decrease in ectopic centromere formation compared to this negative control.
In the first RNAi experiment, Brown, Iswi, and Rho1 were knocked down. The images
taken for the Brown slide had a total of 408 cells with both CID and lacO present, and of this
total, 76 of the cells had the two overlapping. This gave a colocalization percentage of 18.63%
for the negative control. In comparison, Iswi had 453 cells with CID and lacO, with the two
colocalized in 56 of the cells. The colocalization percentage of this candidate gene was only
12.36%, meaning there was a statistically significant difference from the control. Rho1 had 440
cells with CID and lacO, and of these 46 had CID and lacO colocalized for a colocalization
percentage of 10.45%. This rate of ectopic centromere was a very statistically significant
difference from the control, and indicated that the RNAi itself was successful, as cells were
dying and binucleates formed.
In the second RNAi Brown, Hr96, CG1647, osa, and z were knocked down. The Brown
images had 65 cells with CID and lacO colocalized of the 371 total cells, which was 17.52%.
Hr96 had 38 cells with CID and lacO overlapping out of 340 cells for a colocalization percentage
of 11.18%, a statistically significant effect. CG1647 had 59 cells with a CID and lacO overlap of
324 cells, an 18.21% colocalization percentage. The knockdown for osa resulted in 53 cells with
CID and lacO colocalization of 329, which was 16.11%. Finally, z had 40 cells with CID and
lacO colocalization of 332. This was a colocalization percentage of 12.05%, a statistically
significant difference from Brown.
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In RNAi three, Brown and CG8677 were knocked down. Here, Brown had 68 of 383 cells
with colocalization of CID and lacO for a percentage of 17.75%. CG8677 had 48 of 327 cells
with overlap of CID and lacO. This was a colocalization percentage of 14.68%, which was not a
statistically significant difference.
In RNAi four, Brown, CHD1, Hira, and Mi-2 were all knocked down. The colocalization
percentage for Brown was 17.34%, with 69 of 398 cells establishing ectopic centromeres. CHD1
had 54 of 292 cells with a CID and lacO overlap, which was 18.49%. Hira had 42 cells with CID
and lacO colocalized out of 329, a colocalization percentage of 12.77%. Mi-2 had 57 cells with
CID and lacO colocalization out of a total of 313, which was 18.21%.
In the final RNAi, Brown, CG4935, CAL1, CG14692, and Spt6 were knocked down.
Brown had 82 of 415 cells with ectopic centromere formation for a colocalization percentage of
19.76%. CG4935 had a colocalization percentage of 16.36%, with 53 out of 324 cells forming
ectopic centromeres. CAL1 had 35 cells with CID and lacO colocalization out of 334 total, which
was 10.48% and an extremely statistically significant difference from the control. For CG14692,
54 of 308 cells had ectopic centromere formation, a colocalization percentage of 17.53%. Spt6
had 52 cells with colocalization of CID and lacO out of 327 total, which was 15.90%.
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RNAi
Experiment
1

Gene

Number with
Total n
Colocalization
Colocalization
Percentage
Brown
76
408
18.63
Iswi*
56
453
12.36
Rho1**
46
440
10.45
2
Brown
65
371
17.52
Hr96*
38
340
11.18
CG1647
59
324
18.21
osa
53
329
16.11
z*
40
332
12.05
3
Brown
68
383
17.75
CG8677
48
327
14.68
4
Brown
69
398
17.34
CHD1
54
292
18.49
Hira
42
329
12.77
Mi-2
57
313
18.21
5
Brown
82
415
19.76
CG4935
53
324
16.36
CAL1***
35
334
10.48
CG14692
54
308
17.53
Spt6
52
327
15.90
Table 5: Ectopic centromere formation analysis. Each knockdown was compared to the
negative control Brown to evaluate whether or not there was a statistically significant difference
(*) in ectopic centromere formation when the gene was absent.
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Figure 6: Ectopic centromere formation. A graphical representation of each section of the
secondary RNAi screen, with statistical significant differences in comparison to the control
Brown denoted by *.
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Percent of Ectopic
Centromere Formation
Relative to Negative Control
Figure 7: Ectopic centromere formation relative to negative control. A visualization of rate
of ectopic centromere formation of each gene after RNAi, based off of the negative control
Brown as 100%.
Discussion
The results from these experiments provided our lab with useful information about the
candidate genes from the initial RNAi screen and provided further evidence of their role in
ectopic centromere development. Based on the data collected, Iswi, Rho1, Hr96, z, and CAL1 all
resulted in a statistically significant difference in ectopic centromere formation when knocked
down. Iswi is part of the chromatin remodeling complex, meaning it helps to open up tightly
compacted chromatin and make it more transcriptionally active by allowing transcription factors
and DNA binding proteins to access the DNA. Rho1 affects cell shape and actin modulations, so
the significant decrease in ectopic centromere formation can most likely be attributed to cell
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death for this gene. Rho1 was really used as an indication that the RNAi worked, as seen by the
formation of binucleate cells. Hr96 is a transcriptional regulator, which would allow it to modify
gene activity and expression. Zeste (z) is a sequence specific DNA binding protein. It helps to
recruit the nucleosome remodeling complex, which also allows for modification of gene
expression by allowing access to additional chromatin. In addition, it can also serve as a
proximal promoter, which is essential for initiation of transcription. CAL1 is the CENP-A
assembly factor, which allows it to serve as the positive control in this screen. Its knockdown
caused a significant decrease in ectopic centromere establishment, which indicates that the RNAi
worked, and the screen itself was sound.
However, there are some aspects of these experiments that should be addressed before
further testing is completed to confirm these results. In the cell line used for this initial RNAi
screen, 30% of the cells contained CAL1-GFP-LacI after induction. In contrast, the cell lines I
used in my secondary RNAi screen appear to have contained the transgene only about 20% of
the time, as seen by the colocalization percentages for the negative control Brown. This suggests
that the cells used in the secondary RNAi screen had a lower transfection efficiency, which could
potentially be due to the transfection itself, or the way the cells were frozen down. Our lab is not
sure why the stability in the two lines is different, but this is an issue that is worth investigating.
It is also worth noting that none of the knockdowns resulted in a severely dramatic drop
in the percentage of cells that established ectopic centromeres. It is possible that the cell
concentration used was too high in comparison to the amount of dsRNA added to the media, as a
concentration of 1x106 cells is recommended and I used 2x106. Another potential issue could
have been that four days was not a long enough time period for the knockdown to occur. This
could be rectified by conducting a double RNAi for twice as long to ensure efficiency of the
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gene knockdown. In this scenario, the RNAi would essentially be completed two times in a row,
switching out the dsRNA media on day 4 for new media with dsRNA, and inducing the cells on
day 8 to harvest on day 9.
By fixing these issues, we might see a more significant knockdown in the candidate
genes, leading to greater changes in ectopic centromere formation. The genes that were already
deemed significant could have a larger effect on ectopic centromere establishment than what is
mentioned here, and other genes that were close to being significant may become significant
with these changes. It is essential that these experiments are repeated with these adjustments to
ensure that optimal conditions are attained according to standardized procedures.
In order to investigate the role of the significant genes of interest from this secondary
screen (Iswi, Hr96, and z), additional RNAi screens could be done with known members of the
complexes they are part of to see if these subunits also have an affect. Pull down assays could
also be conducted to evaluate protein-protein interactions. Finally, IF-FISH could be used to
visualize whether these proteins are associating with the centromere, as opposed to playing an
intermediate role.
Conclusion
The results from these experiments have provided us with more evidence that some
of the gene candidates from the initial RNAi screen, and thus the proteins they are
translated into, may play a role in centromere formation. The knockdowns of Iswi, Rho1,
Hr96, z, and CAL1 all had a significant effect on ectopic centromere formation in pMT CAL1GFP-LacI cells. Further testing is required to see if conditions can be improved to result in more
efficient knockdowns.
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Going forward, CAL1 should be used as a positive control in all of these experiments. We
know that CAL1 is the CID chaperone, thus a reduction in CAL1 should lead to a decrease in the
amount of CID that is able to be deposited, resulting in a drop in ectopic centromere formation.
This experiment confirms that CAL1 knockdown reduces ectopic centromere formation
significantly more than any of the other genes. Since the knockdown of CAL1 still had a
colocalization percentage of 10.48%, which we would expect to be lower given that CAL1 is
essential for centromere establishment, we have further evidence that experimental conditions
might not have been ideal.
Going forward, cell concentrations should be adjusted so that the amount of dsRNA
added to the media is appropriate and can efficiently knockdown the gene of interest. In addition,
analysis of the original RNAi images should continue in order to potentially determine more
candidate genes for future experiments.
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